The past two decades have seen an explosion of research investigating the role of microbiota in health and disease. These complex microbial communities that include bacteria, viruses, archaea, protozoa, and fungi are found in virtually any niche of the human body. The intestinal tract has been the most studied as the vast majority of bacterial microbes reside there 1 . It is now well established that the gut microbiota (GM) plays a critical role in health with mechanisms ranging from aiding in digestion to promoting immune system development and colonization resistance against bacterial pathogens and pathobionts. Moreover, the advent of next-generation sequencing has allowed for robust surveys of these populations and many recent studies have shown that patients with a number of diseases, both enteric and systemic, often have GM that differs from their healthy counterparts 2,3 . This occurs even in situations where the hosts are genetically identical 4 . As with many diseases, animal models are critical to establish cause-and-effect relationships between disease and microbiota.
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While studies with rodent models can be performed using genetically identical animals in highly controlled environments, reproducibility of results using such models has also emerged as a topic of concern. Several reports have highlighted the lack of reproducibility in model-based biomedical research 5, 6 . Sources of variation that may explain this lack of reproducibility abound and include subtle differences in methodology, reagents, or the animals themselves. Interestingly, recent studies have shown that the GM of contemporary rodent colonies can differ markedly depending on the source of the animal and other factors associated with rodent husbandry. Thus it is logical to speculate that differences in GM may play a role in this lack of reproducibility and data are rapidly emerging to support this premise.
Factors affecting the composition of the gut microbiota
Multiple husbandry-related factors are likely capable of altering the GM of research animals. For example, the common practice of transfer of mice from one facility to another at the same institution can result in short term shift in GM that can normalize after acclimation to the new facility 7 . Even differing water decontamination methods can alter GM 8, 9 . Other factors, such as therapeutic use of antibiotics or rederivation to render animals free of unwanted pathogens, should also be considered as potential GM-modulating procedures.
Intuitively, diet has great potential to modulate GM and in humans, both short-and long-term changes in diet have been shown to alter the GM 10 . Rodent studies designed to uncover mechanisms of diet-induced microbiota changes-for example, studies assessing the link between diet, microbiota and obesity 11 -have confirmed that dramatic changes in diet can alter the rodent GM. Moreover, in a study comparing purified diets, customized diets, and chow diets, changes in GM were noted and these were associated with local and systemic immune response alterations 12 . However, most rodent studies are performed on standard rodent chows. While little is known about the effects on GM of changing chow sources or types (for example, maintenance vs. breeder chow), caution should be taken when doing so. For example, it is well-documented that the GM of most mammals, including humans and rodents, is dominated by two phyla, the Firmicutes and Bacteroidetes 13 . In general, increases in the Firmicutes to Bacteroidetes ratio are associated with increased food intake and obesity 14 . Such shifts enhance the ability of the GM to harvest energy from ingesta 14 , resulting in a positive feedback loop. Thus, any factor capable of modulating the ratio of these two phyla (for example, accidental consumption of breeder chow), could initiate a gradual shift toward increased energy harvest and adiposity. One must also remember that most commercial diets are closed formula. While they are milled to achieve targeted levels of specific nutrients, the source of grains and other ingredients can change from year to year 15 . Thus, studies performed months or years apart from each other may include data generated from animals consuming diets milled from different dietary ingredients. It is conceivable that a change to an ingredient that promotes increased energy harvest could in turn result in an unanticipated change in GM.
In addition to the composition of the diet, autoclaving and irradiation are also variables which influence the microbial exposure to research animals. For example, the label of one commercially Department of Veterinary Pathobiology at the University of Missouri in Columbia, Missouri. Correspondence should be addressed to C.L.F (franklinc@missouri.edu).
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The gut microbiota (GM) plays a critical role in human health and disease. Likewise, it is becoming increasingly evident that changes or disruptions to the GM can have significant effects on animal models and their expressed phenotypes, adding a complex and important variable into basic research and preclinical studies. in this article, we review some of the most common sources of GM variability in rodent models, and discuss measures to address this variability for improved reproducibility.
available irradiated rodent chow lists the amount of thermophilic, mesophilic, aerobic and anaerobic spores recovered from "control" chow, suggesting that non-irradiated feed may be a variable source of bacteria and fungi. Anecdotally, segmented filamentous bacteria (SFB), a bacterium that can have significant impact on several mouse models of disease (see below), can also be acquired from food contaminated with spores.
Several groups have demonstrated substantial differences between the GM of mice purchased from different commercial vendors or repositories [16] [17] [18] , and our own studies 19 have begun to characterize the nature and extent of those differences. One of the most recognized differences is the presence of the aforementioned SFB in most commercial colonies and its absence in the largest supplier of genetically engineered mice, The Jackson Laboratory 19 .
Because the primary source of GM to rodent pups is the birth dam, the latter should also be considered a source of variation. In established colonies, GM remains stable over generations 20 . However, if new dams are introduced into a colony, they may possess a GM that differs from that of the existing population (see vendor differences above). While the dam is the primary source of GM, the presence of a sire harboring a different GM may also present a confounding experimental factor due to horizontal transfer. Even when present for a limited time, such as during a timed mating, coprophagy of the sire's feces by the dam could conceivably lead to downstream changes in the GM of the resulting pups.
A differing GM may also be introduced into a colony through rederivation, which is typically performed when populating new research facilities, when transferring animals from conventional housing to barrier settings, when resuscitating animals from cryopreserved germplasm, or when attempting to eliminate unwanted pathogens. The procedure usually entails surgical transfer of embryos into a commercially available surrogate dam known to be free of selected pathogens. The GM of the surrogate dam then seeds the newly rederived animals with resulting high concordance of dam and pup GM 21 . Less labor-intensive methods of eliminating unwanted bacteria (e.g., Helicobacter spp.), such as cross-fostering, will intuitively result in similar GM changes, although the amount of time between parturition and transfer to a surrogate will likely affect the degree to which the pup GM mimics that of the surrogate or birth dam.
Rederivation is also complicated by the fact that, like humans 22, 23 , the mode of delivery likely influences the GM composition of pups. Human neonates delivered vaginally are seeded primarily with microbes found in the maternal vagina or feces while Caesarian delivery results in increased proportions of microbes that inhabit the external body surfaces. These differences can have profound effects on host physiology. For example, exposure to lipopolysaccharides during vaginal delivery induces epithelial tolerance in the offspring, resulting in differential innate immune responses between mice delivered via the two modes 24 .
Experimental or therapeutic procedures also have potential to alter microbiota. For example, administration of antibiotics has well-documented and intuitive effects on the GM [25] [26] [27] [28] [29] [30] [31] . When purposefully attempting to alter GM, multiple, broad spectrum, bactericidal antibiotics with complementary spectra are administered orally 25 . Such administration can result in dramatic acute shifts in GM composition. Moreover, when animals are allowed to recover, the GM may either return to a composition and richness similar to that present before treatment or have incomplete restitution. This is highly dependent on the target spectrum of the drug or drug combinations, as well as the richness and diversity of the GM before antibiotic administration. In extreme situations, antibiotics administered chronically to adult rodents can even result in a near germ-free (GF) status 32, 33 . Little is known about the impact of therapeutic antibiotic regimens used routinely in rodent colonies (for example, the use of trimethoprim/sulfamethoxazole for the control of Pneumocystis spp.-associated morbidity in immunodeficient rodents). Based on the above studies, one can speculate that the broad spectrum and chronicity of use can modulate not just the agent of interest but also other resident microbiota. Additionally, the effects of transient administration of tetracycline derivatives in models with inducible transgenes (for example, Tet-On systems) is unclear.
There are many other factors capable or suspected of modulating the microbiota of research animals including psychological stress 34, 35 , type of caging, type of bedding, and frequency of bedding change. In designing experiments that examine GM, changes in any of these factors should always be taken into consideration (see Fig. 1 for summary of factors discussed above).
Impact of the gut microbiota on variability and reproducibility of disease models
It is now well accepted that changes in GM can have a dramatic impact on human health. Intuitively, the GM of research animals can similarly impact the phenotype of models of human disease. While this has been recognized anecdotally for many years, only recently have controlled studies been performed to support this hypothesis 16, 18, [36] [37] [38] . Frequently, a model will experience a loss or change in phenotype when an animal colony is relocated to a different institution, or undergoes a change in husbandry. Such scenarios raise the specter of a GM-mediated effect, especially when other potential contributory factors are optimally controlled. In addition to colony-wide changes in phenotype, it stands to reason that the inherent variability of the GM within a colony of mice may be reflected in the phenotypes of those models with GM-dependent mechanisms. For example, Apc Min mice, a model of colorectal cancer purportedly susceptible to GM-mediated effects on tumor load 39, 40 , develop a highly variable number of tumors. Could the difference between individual mice that develop 75 or 25 tumors be related to differences in the composition of the GM? This is an important consideration due to both the pathogenic mechanisms that may be revealed, but also due to the implications for animal welfare. If it is possible to reduce the variance of the GM within research animals via strict attention to, and control of, those variables capable of modulating the GM, it may be feasible to reduce the variance seen in the phenotype, potentially reducing the sample size needed to achieve statistical power.
The National Institutes of Health (NIH) has recently acknowledged issues of poor reproducibility in biomedical research, particularly in preclinical studies using animal models 5, 6 . Editorials [41] [42] [43] have highlighted the costs associated with the inability to reproduce preclinical studies, and a wide range of contributing factors has been identified. Possible solutions to improve reproducibility include inclusion of both sexes in animal studies 6 , division of litters between treatment groups, and thorough documentation of all husbandry variables 44 . A less publicized solution suggests the need for reporting, and possibly standardizing, the GM of research animals 45 . Many consider it impractical to document the GM composition for all published animal-based research, but it should be noted that, in recent years, the cost of next-generation sequencing has been decreasing and its availability has increased dramatically. If these trends continue, such documentation could become financially viable in the near future. Lastly, producers and vendors of purpose-bred research animals are beginning to make efforts to account for these variables in their production processes and even document the GM composition of their production colonies.
Rodent helicobacters and reproducibility
As mentioned above, over the past three decades it has become increasingly apparent that several members of the GM can modulate model phenotypes, and their presence or absence can thus potentially impact reproducibility of these models. Perhaps the most studied are members of the genus Helicobacter that inhabit the large intestine of rodents. The first species identified was Helicobacter hepaticus in 1992; its impact on research reproducibility was immediately obvious. At that time, a previously unrecognized hepatitis and an increased incidence of hepatic neoplasia had been noted in untreated control mice on a long term carcinogenicity study at the National Cancer Institute Frederick Cancer Research and Development Center 46, 47 . Ultimately, these changes in disease phenotype were attributed to a H. hepaticus 48, 49 and its presence invalidated this entire study as well as others 50 . Concurrent with the recognition of H. hepaticus, several newly developed genetically engineered strains of mice found to have chronic inflammation of the intestinal tract were proposed as models of inflammatory bowel disease. Subsequently, many of these mouse strains were found to be colonized by H. hepaticus 51 . In most cases, inflammation of the intestinal tract was not evident in helicobacter-free mice 51, 52 . Moreover, experimental infection of IL-10 and TCR − αβ knockout mice with H. hepaticus caused more severe disease, further supporting the role of this bacterium in induction of intestinal inflammation and its potential to confound reproducibility of results from inflammatory bowel disease research 52, 53 . Many of these mutant mouse strains, most notably the IL-10 knockout mouse, are now used as models of inflammatory bowel disease and the presence of large intestinal helicobacters is critical to optimal development of their disease phenotype.
Similarly, the presence or absence of H. hepaticus can impact cancer studies using mice with mutations in transforming growth factor β1 (Tgfb1) and recombinase activating gene 2 (Rag2). These mice develop colonic inflammation and cancer; however, when rendered GF, these lesions do not develop 54 . To discern the role of H. hepaticus in inflammation and cancer, GF Tgfb1 − / − Rag2 − / − mice were reintroduced into either H. hepaticus-containing environments or H. hepaticus-free environments. Only when introduced into the H. hepaticus-containing environment did lesions reappear, suggesting that this bacterium was a key trigger of intestinal inflammation and subsequent cancer.
The study of Helicobacter spp.-induced models of inflammatory bowel disease has also demonstrated how the complexity of bacterial interactions impact reproducibility. To this end, IL-10 knockout mice raised in conventional settings and colonized by H. hepaticus readily develop intestinal inflammation 52, 55 . However, monoassociation of germ-free IL-10-deficient mice with H. hepaticus results in no intestinal inflammation 56 . This, as well as studies using mice harboring defined microbiota, has led to the belief that some bacteria, such as the rodent helicobacters, do not directly initiate inflammation, but rather serve as provocateurs for inflammation initiated against other microbial species 57-60 . Because rodent helicobacters have been associated with such profound disease changes in certain strains of mice, many consider these bacteria to be pathobionts rather than commensal symbionts. However, it should be noted that in many strains, such as the common C57BL/6, Helicobacter spp. behave more like a symbiont with colonization resulting in no intestinal inflammation and only minimal changes in mucosal cytokine gene expression 61, 62 .
Segmented filamentous bacteria (SFB) and reproducibility
More recently, a bacterium historically considered part of the "normal" murine GM has been shown to have a dramatic impact on model reproducibility. In the late 2000s, Ivanov et al. 18 ,63 recognized differences in mucosal T H 17 immune responses associated with mice from two different suppliers. Through an elegant series of experiments, they ultimately implicated SFB as a key modulator of this immune response. SFB had previously been considered a normal symbiont of the ileal microbiota and little attention was paid to its role in host physiology. Numerous subsequent studies have shown that this SFB-associated alteration of the mucosal T H 17 and other immune effector mechanisms has dramatic effects on the phenotypes of models ranging from diabetes mellitus to multiple sclerosis to arthritis 16, [63] [64] [65] . Of note, many of these models represent diseases of non-gastrointestinal systems, which greatly broadens the impact of differing GM on model phenotype reproducibility. For a more detailed description of the physiological effects of SFB, readers are referred to a recent review on the topic 66 .
The literature is now rapidly expanding with examples of how other intestinal inhabitants previously considered to be part of the "normal" GM can alter host physiology and potentially impact model reproducibility. These now include protozoans such as Tritrichomonas spp 67, 68 . and a human isolate of Bifidobacterium adolescentis 69 . While single agents are being implicated, it is also highly likely that more complex communities of multiple agents will likely have equally important, if not more important, roles in model phenotypes 70 .
Microbiota considerations in optimizing reproducibility of animal models
Given the potential for differing individual microbes and complex microbiota to modulate phenotypes, what tools are available to perform studies to optimize reproducibility? The most controlled approaches use classical gnotobiotic technology to finely control the GM of mice on studies. Alternatively, researchers can carefully document and report the GM status of animals used in experiments and when lack of reproducibility arises, one can assess whether associated differences in GM exist. If differences are identified, subsequent studies can be performed to confirm the causal relationship of specific GM.
Classical gnotobiotics or gnotobiology (reviewed in ref. 71 ) is the study of animals that are free of all microorganisms or colonized only by known taxa. The term arises from the Greek gnotos, meaning "known" and bios, meaning "life" 71 . There are several categories of rodents that fall under the term gnotobiotic: 1) axenic (i.e., GF) rodents free of all microorganisms including bacteria, viruses (with the exception of endogenous retroviruses), fungi, protozoa and other parasites; 2) mono-associated animals generated by colonizing GF animals with a single agent; and 3) defined microbiota (flora) animals generated by reconstituting GF mice with "cocktails" or consortia of bacteria or other agents.
Germ-free mice
In studies of microbiota, GF mice are ideal for asking whether or not microbiota, in general, plays any role in a model phenotype. If GF mice fail to develop the phenotype seen in their conventionally raised counterparts, microbiota can be implicated in the development of this phenotype. The use of these mice has been critical to our understanding of how intestinal microbes can influence health and disease, especially when coupled with mono-association, defined microbiota, or complex microbiota strategies 4, [72] [73] [74] . Data from GF mouse studies must also be interpreted with caution as several normal host physiologic parameters are altered in these mice. For example, GF mice have underdeveloped immune systems 63, [75] [76] [77] [78] [79] , slower intestinal epithelial turnover 80 , differences in epithelial gene expression 81, 82 , differing nutritional requirements, less body fat despite increased consumption 83 , and markedly enlarged ceca. The latter may lead to death from volvulus or may indirectly lower reproductive performance, presumably due to competition for space with the gravid uterus. GF mice are also markedly susceptible to infection by opportunistic agents, should a break in containment occur. Of note, the National Gnotobiotic Rodent Resource Center is an NIH-funded center that can aid investigators in studies using GF or gnotobiotic mice (http://www.med.unc.edu/ngrrc). Alternatively, many institutions have or are creating in-house gnotobiotic facilities. These are relatively easy to set up, but it is prudent to do a thorough cost analysis before doing so as there are added expenses of creating, maintaining, and monitoring GF mice as compared to conventional mice.
Mono-associated mice GF mice are also important to microbiota research because they can be reconstituted with agents ranging from a single bacterium (mono-associated) to defined microbiota (for example, modified Schaedler's flora) to complex microbiota to xenografted microbiota (for example, human microbiota). To create mono-associated mice, GF mice generated and maintained as described above are inoculated with a pure bacterial culture, usually by gastric gavage. Monoassociated mice allow for the study of responses to a single agent (most commonly bacterial) or identification of bacterial species responsible for specific bacterial products 84 . A notable example of the use of mono-associated mice in understanding host:microbe interactions comes from studies that identified the aforementioned segmented filamentous bacterium (SFB) as a key component of the intestinal microbiota that promotes the development of T H 17 cells 63, 76 . Similarly, Bacteroides fragilis, through the production of polysaccharide A, is important in the induction of T regulatory cells 85, 86 . Other recent studies have taken this strategy beyond the study of resident bacteria. To this end, an enteric virus (murine norovirus) was shown to provide some beneficial functions similar to those of mutualistic bacteria 87 . While important data have been generated from studies using mono-associated mice, results should also be interpreted with caution because, like GF mice, physiologic and immunologic processes in these mice may be very different when compared to mice raised with a complex microbiota 20 . Moreover, as discussed above, in models of inflammatory bowel disease, the presence of Helicobacter spp. in isolation causes no disease but is critical to disease progression when other microbiota are present 88 . Collectively, these findings indicate that any beneficial or detrimental process ascribed to a microbe in mono-associated mice should be interpreted only after performing similar studies where the agent in question is in the presence of complex microbiota 89 .
Defined microbiota (flora) mice
To circumvent some of the physiologic disadvantages of GF and mono-associated mice while still maintaining a controlled microbiota, mice reconstituted with defined microbiota were established. Schaedler et al. 90, 91 initiated these studies by defining key cultivable components of the intestinal microbiota and then experimentally inoculating GF mice with various "cocktails" of aerobes and anaerobes. The resulting "Schaedler defined flora" was refined and standardized by Orcutt et al. 92 resulting in "altered Schaedler's flora" (ASF) that is now commonly used in gnotobiotic research [93] [94] [95] [96] . Mice reconstituted with ASF or similar defined microbiota offer several advantages for microbiota-based research. Like GF mice, they are very well-defined, but unlike GF mice, they develop a mucosal immune system, have cecal volumes approaching those of conventionally raised mice and have normal reproductive performance. Disadvantages of using defined microbiota mice center on the simplicity of this microbiota, which does not recapitulate the interactions that may occur in complex microbiota that typifies human and animal populations. Like GF mice, these mice must also be generated in isolators and monitored routinely for the presence of appropriate microbiota and the lack of contaminants. To reduce costs, defined microbiota mice can be generated in isolators, but then removed for study. This approach still requires strict biosecurity for study mice including housing in ventilated racks and appropriate barrier husbandry practices for cage changing, sanitation, animal handling and so forth. Advancements in defined microbiota continue, and recently criteria desirable in isobiotic mouse strains have been proposed 97 . The latter, if applied, will aid in optimizing reproducibility of these models. Collectively, an overall advantage of classical gnotobiology is optimal control through use of strictly defined microbiota. Of note, GF mice are often reconstituted with microbiota at weaning or adulthood and then used as study subjects. Data from these studies must be interpreted with the caveat that they do not account for early life events that may occur if the mouse is immediately exposed at birth. Therefore, consideration should be given to use of progeny if early life events are of importance. An overall disadvantage is the cost associated with producing, maintaining, and monitoring these mice. Moreover, results from gnotobiotic mice must be interpreted with caution as the lack of microbiota in GF mice or lower microbial richness and diversity of defined microbiota mice do not fully recapitulate the complex interactions that occur within the microbiota of conventionally raised mice or the humans which they are intended to model 98, 99 . Studies using gnotobiotic animals should perhaps best be performed in multiple microbiota statuses.
For example, GF mice may implicate microbiota, mono-association studies may aid in identification of putative causative agents of disease, and studies using defined microbiota and ultimately highly complex microbiota may confirm the role of these causative agents in a context that is more translatable to human health.
Reproducibility considerations in complex microbiota studies
While classical gnotobiology allows for optimal control of GM, it is now also possible to optimize reproducibility of studies that use animals with naturally occurring complex GM. To this end, the rapid and ongoing advances in next-generation sequencing allow for the characterization of complex GM to various taxonomic levels. Using this approach, one can readily correlate the presence of certain complex GM with optimal disease phenotypes and when phenotypes are lost or cannot be reproduced, one can assess whether this loss of reproducibility is associated with differing GMs. From here, investigators can use a variety of techniques to manipulate the GM (summarized below and reviewed in ref. 100) to begin to establish a cause and effect relationship. In many ways, this approach could be referred to as "next-generation gnotobiology" as we are now able to "know" what GM we are working with. This terminology should, however, be used with great caution for several reasons: 1) current databases are still growing and are insufficient to identify many intestinal bacteria to a species level; 2) many bacteria identified by sequencing tools have yet to be cultured and fully characterized; thus their phylogeny is minimally characterized and their functional attributes can only be assessed by comparison to others of similar taxonomy; 3) these factors are further confounded by the fact that many contemporary metagenomics survey studies rely on targeted sequencing strategies, such as for16S rDNA gene, which can only provide predictive functionality analysis (for example, using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States / PICRUSt analysis).
With these caveats, one can proceed with studies to assess the role of complex microbiota in model phenotypes and reproducibility. Possible scenarios that lead to such studies might include lack of reproducibility between two labs or loss of a phenotype associated with a change in husbandry practices or institution. In these cases, GM of mice of differing phenotypes can be defined with next-generation sequencing tools and compared. Lack-of-reproducibility studies require samples from both populations while loss-of-phenotype scenarios require before-and-after samples. Given the latter, if GM is known or expected to influence phenotype, one should always consider fecal banking when changes in husbandry or institution are looming. In either scenario, if correlative differences exist, one can proceed to proof-ofconcept studies to assess whether restoration of a specific GM results in restoration of phenotype. This can be achieved in a number of ways, as described above.
To convincingly document changes in the GM, researchers must have the foresight to have collected fecal samples before the change in phenotype. While few investigators routinely bank fecal samples "just in case" their model phenotype is lost, the authors would recommend doing so before any foreseen changes in husbandry (for example, diet or bedding change) or relocation to a different institution. Co-housing as a means to address lack of reproducibility One of the simplest, least expensive, and perhaps most popular methods of assessing the influence of a complex GM on phenotype changes involves co-housing of animals with the desired phenotype and those that lack or have lost the phenotype. Co-housing relies on passive transfer of GM and results in hybridization of microbiota from the two cohoused animals. Because of this, successful phenotype transfer provides strong support for a GM influence, but a lack of phenotype transfer does not necessarily eliminate a contribution of the GM to the phenotype 18, 101, 102 .
Cross-fostering as a means to address lack of reproducibility Cross-fostering of rodents to dams harboring a specific GM is also an affordable and simple strategy. Using cross-fostering, amidst a variety of other methods to manipulate the GM, Garrett et al. showed that mice lacking the transcription factor T-bet develop a colitogenic GM capable of inducing disease in T-bet-sufficient hosts 103 . The colitogenic 104, 105 or protective 106 capacity of the GM in several other models has been similarly demonstrated via crossfostering. The caveat to cross-fostering is that it requires transfer of pups to a timed-mating foster dam as soon as possible following parturition, and there is typically a brief but unavoidable period during which pups are exposed to the GM of the biological dam. The effects of this transient exposure on the ontogeny of the pups' GM is unknown, but it is likely that the biological dam's vaginal and environmental microbiota contribute somewhat to the pups' GM, resulting in a hybridized GM similar to that seen with cohousing. Thus, like co-housing, a negative transfer of phenotype in cross-fostered animals should be interpreted with caution and does not definitely rule out GM as a contributing factor. Given the caveats of these techniques, their use should be accompanied with next-generation sequencing analysis of microbiota of donors and recipient pups to optimally assess the efficacy of transfer.
Targeted strategies as means to address lack of reproducibility
More targeted strategies may also be considered when attempting to assess the role of GM when lack or loss of reproducibility is evident. These include reconstituting GF mice with specific GM that are associated with the phenotype, or using targeted rederivation procedures to establish specific GM. Reconstituting GF mice eliminates the possibility of GM hybridization, but comes with the disadvantages of GF and experimental reconstitution-based experiments, including: 1) expense, 2) the need to use second-generation animals to ensure that GM are present during early stages of development, and 3) the possibility of incomplete transfer of GM. Rederivation via surgical embryo transfer (ET) can be also used to establish colonies of animals with disparate GMs. Pups generated via ET are exposed to the maternal GM beginning immediately at birth (avoiding the short period of exposure that occurs with cross-fostering) and acquire GM by natural means, which likely optimally transfers GM. The disadvantages of rederivation include the requirement for considerable expertise and specialized equipment and facilities. Moreover, in cases of loss or lack of reproducibility, this approach requires having surrogate mice that possess the desired GMs and have sufficient reproductive indices for ET (commonly used inbred strains may be inferior in these indices).
Should the appropriate mice not be available for any of these above techniques, one can also survey mice for similar GM and use those as surrogates. To this end, the NIH-funded University of Missouri Mutant Mouse Resource and Research Center (http://www. mu-mmrrc.com/) created four colonies of outbred CD-1 mice (optimal reproductive indices) that stably possess GM from the four most commonly used vendors/producers of mice in the United States. These colonies thus likely possess GM similar to those that are present in most contemporary research mouse colonies. These mice can be used for any of the above mentioned techniques (co-housing, cross-fostering, GF transfer or rederivation), should optimal mice not be available. One important consideration when using such mice in the context of either cross-fostering or rederivation is the possibility of confounding maternal effects. Phenotypic differences detected in isogenic pups born to dams harboring distinct GM may be associated with differences in the GM, or they may be due to differing levels of maternal care or epigenetic factors such as methylation status 107 .
Many other techniques, including antibiotic administration, fecal microbiota transfer, and humanizing / xenografting microbiota have also been established. These are primarily used for prospective studies as opposed to trouble-shooting strategies. However, similar rigor, including use of next-generation sequencing to document and monitor GM, should be incorporated into these studies to optimize their reproducibility.
Future directions
In summary, with the exploding interest in microbiota, tools are now available to assess the impact of differing GM on reproducibility of rodent (and other species) models of disease. This review has only scratched the surface of considerations that need to be taken when evaluating the role of GM in model reproducibility and many challenges remain. For example, the vast majority of intestinal microbes remain uncultivable and novel culture methods or creative strategies to selectively eliminate these agents must be developed to fully investigate their role in the complex communities.
A clear distinction should also be made between the classical "one pathogen" model of infectious disease and investigations of the complex GM communities. While specific bacteria, such as Helicobacter hepaticus and SFB, have been implicated in model phenotype changes, it is highly likely that complex interactions of multiple agents have equally, if not more, important roles in model phenotype reproducibility. Study designs and associated statistical analyses, such as Random Forest, are being developed and refined to identify and implicate such complex interactions 70 .
Recently, several manuscripts have questioned whether the bacterial GM of contemporary laboratory rodents is of insufficient richness and species makeup to optimally model human conditions, and proposed to use GM from wild rodents or those obtained from the pet trade [108] [109] [110] . It is reasonable to conclude that the GM of laboratory mice has been simplified over the years as these rodents have been rendered free of pathogens. A return to the day when rodents were contaminated with these pathogens is unlikely, but can a happy medium be found where the richness of GM of laboratory mice can be increased without introducing unwanted pathogens? This scenario also raises questions about how other intestinal inhabitants, including viruses, protozoa, and fungi, influence the bacterial microbiota and model phenotypes.
Other questions that remain unanswered include: what common husbandry variables (for example, bedding, diet, and housing) affect the microbiota and how do we avoid institutional microbiota drift to optimize reproducibility? Are there strategies to decrease the expense of gnotobiotic housing, whole genome sequencing, transcriptomics, metabolomics, and bioinformatics, and are novel statistical methods required for these complex data sets? How can we take advantage of the inherent variability of the GM in our rodent populations and can this variability be exploited to model personalized medicine? All of these questions face the biomedical research and laboratory animal community but will surely be surmounted in these exciting times of this rapidly evolving field. 
